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Abstract Advances in our understanding of the microbial
ecology at sites impacted by light non-aqueous phase liquids
(LNAPLSs) are needed to drive development of optimized bio-
remediation technologies, support longevity models, and de-
velop culture-independent molecular tools. In this study,
depth-resolved characterization of geochemical parameters
and microbial communities was conducted for a shallow
hydrocarbon-impacted aquifer. Four distinct zones were iden-
tified based on microbial community structure and geochem-
ical data: (i) an aerobic, low-contaminant mass zone at the top
of the vadose zone; (i1) a moderate to high-contaminant mass,
low-oxygen to anacrobic transition zone in the middle of the
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vadose zone; (ii1) an anaerobic, high-contaminant mass zone
spanming the bottom of the vadose zone and saturated zone;
and (iv) an anaerobic, low-contaminant mass zone below the
LNAPL body. Evidence suggested that hydrocarbon degrada-
tion is mediated by syntrophic fermenters and methanogens in
zong 11l Upward flux of methane likely contributes to pro-
moting anaerobic conditions in zone 1l by himiting downward
flux of oxygen as methane and oxygen fronts converge at the
top of this zone. Observed sulfate gradients and microbial
communities suggested that sulfate reduction and
methanogenesis both contribute to hydrocarbon degradation
in zone IV. Pyrosequencing revealed that Synirophus- and
Methanosaeta-related species dominate bacterial and archaeal
communities, respectively, in the LNAPL body below the
water table. Observed phylotypes were linked with in situ
anaerobic hydrocarbon degradation in LNAPL-impacted soils.

Keywords Biodegradation - LNAPL - Petroleum
hydrocarbons - Microbial communities - Pyrosequencing

Introduction

Standard practices over the last century have commonly led to
subsurface petroleum hydrocarbon releases (Sale 2003). and
current worldwide releases of crude oil to the environment have
been estimated to be 400,000 to 800,000 metric tons per year
(Das and Chandran 2010). In the subsurface, light non-aqueous
phase liqud (LNAPL) zones act as sources of aqueous and
vapor phase plumes containing contaminants including
benzene, toluene, ethylbenzene, and xylenes (BTEXs)
(Landmeyer et al. 1998; Newman et al. 1991). In the absence
of remedial actions that directly target LNAPL, LNAPL source
zones can persist at contaminated sites for decades causing con-
tinuing threats to groundwater quality (Huntley and Beckett
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2002) and/or indoor air (Roggemans et al. 2001). Remediation
of LNAPL source zones is critical to managing risks posed by
subsurface hydrocarbon contamination (Chadalavada et al.
2012). Unfortunately, widely used technologies such as hydrau-
lic recovery are only effective for the mobile LNAPL fraction
and leave large amounts of immobile (residual) LNAPL in
source zones (Sale 2003). New technologies and/or strategies
are needed to manage residual LNAPL present after active
remediation and/or extended periods of natural depletion.

Microbially based treatment technologies, such as moni-
tored natural attenuation (MNA), are popular for treatment
of hydrocarbon plumes because these technologies are often
effective, relatively inexpensive, and minimally invasive
(Declercq et al. 2612; Jorgensen et al. 2010). Historically,
the applicability of MNA, or other microbially based treat-
ments, to LNAPL source zones has been considered question-
able because biodegradation has been thought to be minimal
or non-existent in these zones due to conditions unfavorable
for microbial activity (Interstate Technology and Regulatory
Council (ITRC) 2009a; Seagren et al. 2002). However, re-
search has shown that biodegradation of LNAPL can occur
and may be mediated by microorganisms present at the
LNAPL-water interface or via the activity of excreted en-
zymes (ITRC 2009b; Ortega-Calve and Alexander 1994;
Zeman et al. 2014). Thus, microbially based remediation tech-
nologies are emerging for treatment of LNAPL source zones.
To meet treatment goals, such technologies ideally should be
developed that lead to relatively rapid biodegradation rates
(i.e., that exceed natural attenuation rates) (Zeman et al.
2014). However, the fundamental microbiological processes
responsible for the degradation of contaminants in LNAPL-
containing zones, the key microorganisms mvolved, and the
effects of site geochemistry on microbial communities are still
not well understood. This knowledge is needed to drive de-
velopment and implementation of sound remedies and to in-
form LNAPL longevity models to guide decision-making
(Ilman and Alvarez 2009). Further, detailed knowledge of
the relevant microbial communities is needed to support de-
velopment of culture-independent molecular tools for moni-
toring bioremediation in situ (Sutton et al. 2613).

Previous culture- and microcosm-based research on
the biodegradation processes occurring in anaerobic
hydrocarbon-contaminated environments has investigated
the relationships between key microbial functions and micro-
bial ecology, potential electron donors (i.e., contaminants) and
electron acceptors, and other physical and chemical factors
(Morris et al. 2012; Simarro ¢t al. 2013; Vifias et al. 2005;
Wu et al. 2008). However, the relevance of these studies to
field sites has remamed unknown because enriched microbial
communities prevailing under controlled laboratory condi-
tions often differ from those encountered in the field
(Simarro et al. 2013). In contrast, directly analyzing in situ
microbial communities at hydrocarbon-impacted sites
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potentially can lead to more ficld-relevant findings. Next-
generation sequencing has enabled direct characterization of
in situ microbial communities at selected hydrocarbon-
contaminated sites including sub-tidal sediment, estuary sed-
iment, a railway refueling station, and a crude-oil contammnant
plume (Acosta-Gonzélez et al. 2013; Fahrenfeld et al. 2014;
Sun et al. 2013; Sutton et al. 2013). Studies to date have not
revealed a consistent set of hydrocarbon-associated microor-
ganisms even when redox conditions are apparently similar;
rather, characterized microbial conmunities vary substantially
within and between sites. Thus, additional studies are needed
to advance our understanding of microbial communities at
hydrocarbon-impacted sites. In particular, our knowledge of
the structure of microbial commumities in LNAPL bodies re-
mains extremely limited.

The objectives of the present study were to advance under-
standing regarding how LNAPL bodies and site geochemistry
mfluence microbial community structures in situ and to iden-
tify indigenous microorganisius potentially able to degrade
hydrocarbons in LNAPL zones. The study was performed at
a decomimissioned refinery site located in the western USA.
The refinery was active from 1923 to 1982, and thus, subsur-
face microbial communities have been imfluenced by LNAPL
for nearly a century. Additionally, evidence of active biodeg-
radation has recently been reported for this site (McCoy et al.
2014). indicating that microorganisms capable of degrading
hydrocarbons in LNAPL zones are present. Based on a previ-
ous geochemical site characterization, we hypothesized the
existence of multiple subsurface zones containing distinct mi-
crobial communities. Therefore, we conducted a depth-
resolved characterization of the geochemical parameters and
microbial communities present in the subsurface porous me-
dia (herein referred to as soil) for the LNAPL-contammated
site and in nearby uncontaminated soils. Microbial commumi-
ties were characterized using quantitative molecular tech-
niques (e.g., quantitative PCR (gPCR)) and next-generation
scuencing,

Materials and methods
Site description and soil sampling

This study was conducted at a former petroleum refinery lo-
cated in the western USA. While active between 1923 and
1982, the facility processed local crude oil into fuels including
diesel and gasoline. The site is adjacent to a major river in an
arid region. The water table in the study area fluctuates sea-
sonally between 2.5 and 2.9 m below ground surface (bgs)
(1547.2-1546.8 m elevation). Fourteen soil cores (6.4 cm in
diameter) were collected at the site during the mstallation of
17 multilevel sampling systems (MLSs), which were used to
monitor chemical constituents in the aqueous and gas phases
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{Fig. 51). Soil cores were collected by direct push drilling
using a Geoprobe® rig and stored in acetate sleeves (AMS
Power Probes , American Falls, ID). Immediately after col-
lection, the cores were cut mto 0.8-m sections using a circular
saw and placed on dry ice to preserve geochemical conditions
during transportation to the laboratory. Sections then were
stored at =20 °C until further analysis. Within 3 days, the
0.8-m sections were cut into 15-cm subsections using a circu-
lar saw, and these subsections were analyzed for the compo-
sition of the soil and hydrocarbons. For core C3, microbial
communities also were characterized. This core was selected
for the microbial analysis for several reasons: (1) soil recovery
was excellent (~90 %) with samples down to ~4 m bgs; (2) the
core was in the center of the LNAPL body, and thus, the
microbial commmunitics within would not be influenced by
edge effects; and (3) the geochemical characterization showed
that this core was representative of the region.

Gas and water sampling and analyses

The MLSs were installed in the borings created during soil
core collection (Fig. 1a). Each installed MLS consisted of six
sections of 0.3-cm outside diameter Teflon” tubing bundled
around a section of PVC pipe (1.3-cm inside diameter). Each
MLS had a total of six sampling ports located at 0.6-m depth
intervals. Three ports were located in the vadose zone, and
three ports were located below the water table (Fig. $1a).
Sample ports consisted of Nitex  (HD3-10, Tetko Inc.,
Elmsford, NY) cloth wrapped around each piece of Teflon
tubing.

For water sampling, a peristaltic pump (Cole-Parmer,
Chicago, 11.) was connected to each of the MLS ports located
below the water table via Master Flex tubing (Cole-Parmer),
and water was pumped to a Multi-Probe Flow Monitoring
System” (Geotech, Denver, CO). A Symphony ~ pH probe
(VWR, Radnor, PA), an oxidation-reduction potential (ORP)
probe (model NCL-100, ORION™, ThermoScientific,
Waktham, MA), and an ORION™ Five Star Plus meter
(ThermoScientific, Waltham, MA) were used to measure pH
and ORP (Fig. 51b). Water saraples for total petroleum hydro-
carbon (TPH) analysis were collected in 10-ml glass vials
scaled with Teflon-lined septa and aluminum crimp caps
(Fig. S1ic). Water samples (10 ml) for cation and anion analy-
sis were filtered through 0.45-um Acrodisc™ syringe filters
(PSF, Life Sciences Advanced Technologies, St. Petersburg,
FL) and collected in 10-ml vials. For cation analysis, samples
were preserved with 50 pl of a 70 % HNO; solution and
scaled with Tetlon-lined septa and aluminum crimp caps. To
prevent oxygen exposure for anion analysis, the 10-ml glass
vials were prepared in an anoxic glove box (95 % No and 5 %
H,); the vials were scaled, and a syringe connected to a needle
was used to draw a vacuum in the vials, such that in the field,
water could be injected through the septa for anoxic water

G 125 250
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Fig. 1 a Plan view schematic of the field site and soil core collection and
MLS locations {Al-E1). b TPH distribution in the surveyed LNAPL
body. The nodes along the vertical core lines indicate the sample
collection points, and the colors of these nodes indicate measured
concentrations. Concentrations above 1000 mg/kg were considered to
indicate the presence of LNAPL, and the spatial distribution of
hydrocarbons in the predicted continuous LNAPL body was determined
via kriging with mining visualization software, MVS™. Units along the x,
v, and z axes are mefers. Hydrocarbon concentrations are not shown for
cores Al, A3, and E1 because the acetate sleeves failed during sample
transport compromising the integrity of the samples from these cores

sample collection (Fig. Sic). Agueous samples were immedi-
ately placed on ice and transported to the laboratory for further
analysis.

Gas samples were collected and analyzed on site for carbon
dioxide, methane, and oxygen using an Eagle-2"" portable
multi-gas analyzer (RK1, Union City, CA). The outlets of the
sampling ports with inlets located in the vadose zone were
connected to the instrument’s measuring probe to collect read-
ings. A carbon filter (Landtec, San Bernardino, CA) was uti-
lized to remove gas phase hydrocarbons that would otherwise
be detected with methane.

Hydrocarbons were extracted in methanol (core subsam-
ples) or hexane (aqueous saraples) and analyzed via gas chro-
matography with a flame ionization detector (FID). Cations
and anions were analyzed by high-resolution inductively
coupled plasma/atomic emission spectroscopy (ICP/AES)
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and ion chromatography, respectively. Analytical details are
provided in Supplemental Information.

Sample pretreatment and DNA extraction

The core subsamples collected for microbial characterization
were stored at —20 °C until DNA extraction. To remove hy-
drocarbons and other potential contaminants (e.g., humic sub-
stances), which can negatively affect the DNA extraction and
inhibit PCR, soil samples were pretreated as previously de-
scribed (Whitby and Lund 2009) with a few modifications.
For pretreatment, 120 ng of skimmed milk were added per
gram of sample instead of 80 ng. In addition,
polydeoxinocinic-deoxicytidilic acid was added as an agueous
solution instead of as a solid, and the sample combined with
the polydeoxinocinic-deoxicytidilic solution, the skimmed
milk, and 1 mi of distilled water was vortexed (1 min) and
centrifuged (5000 rpm for 1 min) prior to proceeding with the
wash steps as indicated by the published protocol. DNA was
extracted from the pretreated samples using the PowerLyzer
PowerSoil” DNA Isolation Kit (MoBio, Carlsbad, CA) per the
manufacturer’s instructions with the following modifications.
To maximize DNA yield, 0.5 g of material was used for each
extraction instead of 0.25 g, and duplicate DNA extractions
for each sample were pooled and processed with a single
PowerSoil” spin filter. Additionally, DNA was eluted with
50 to 60 ul of elution buffer instead of 100 ul to increase
the DNA concentration. DNA was quantified via optical den-
sity at 260 nm with a Gen5™ Biotek microplate reader using a
Take 3" microplate (Biotek, Winoosky, VT). DNA was ex-
tracted in triplicate from each core subsample and stored at
—20 °C prior to gPCR and pyrosequencing analysis.

gPCR assays

SYBR Green' " (Life Technologies, Grand Island, NY) gPCR
assays were used to quantify the bacterial and archacal 168
ribosomal ribonucleic acid (rTRNA) genes. Genomic DNA ex-
tracted from Thauera aromatica (American Type Culture Col-
lection (ATCC) no. 7002265D) and Methanosarcina
acetivorans (ATCC no. 3595) was used to generate calibration
curves for the bacterial and archaeal assays, respectively. The
primer sets 1369F/1541r and 931 AF/1100Ar were used for
amaplification of bacterial and archacal 165 rRNA genes, re-
spectively (Suzuki et al. 2000). All assays were performed
using an ABI 7300 real-time PCR system (Applied
Biosystems, Foster City, CA). Each 25-ul SYBR Green”
gPCR reaction contained 1x Power SYBR Green {Life
Technologies, Grand Island, NY), forward and reverse
primers (2.5 uM), magnesium acetate (10 pM), PCR grade
water, and 1 ng of DNA template (based on ODj4q).
Thermocycling conditions were as follows: 95 °C for
10 min, followed by 40 cycles of 95 °C for 45 s, 56 °C for
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30 s, and 60 °C for 30 s. Dissociation curve analysis was
conducted to confirm amplicon specificity.

Pyrosequencing

Sample triplicates were pooled to provide sufficient DNA and
generate more representative samples; pooled triplicates were
sequenced as a single sample. These pooled samples were
submitted to Research and Testing Laboratory, LLC
(Lubbock, TX) for analysis of microbial communities using
a Genome Sequencer FLX Plus 454" Pyrosequencer (Roche,
Indianapotlis, IN). The primer sets 939§1492r and 341§1492r
were used for bacterial and archacal communities, respective-
ly. DNA amplicons were pyrosequenced from the 5’ end. Py-
rosequencing data analysis was performed by Research and
Testing Laboratory, LLC, as previously described (Zeman
etal. 2014). or OTU sclection and classification were conduct-
ed as described by Edgar (20010). These sequence data have
been submitted to GenBank databases under accession nim-
ber PRINA272921.

Data analysis

Geochemical data were visualized utilizing MVS™ (Mining
Visualization System) software (C Tech Development Corpo-
ration, Henderson, NV). Measured soil and aqueocus phase
constituent concentrations at specific locations are represented
as nodes along the vertical lines m Figs. 1, 2, and 3. Predicted
constituent distributions were generated by kriging measured
concentration data. For kriging calculations, non-detects were
represented in MVS" as concentrations of 0.001 mg/kg (soil)
and 0.001 mg/l (aqueous). Thus, hydrocarbon or geochemical
constituent concentrations shown as 0.001 mg/kg or mg/l in
Figs. 1, 2, and 3 were actually below the detection limit. Indi-
cator kriging was used to create the geology subsurface
model.

Shannon diversity indexes (H'y were calculated for cach
sample using genus-level data (Delong 1975). To analyze
similarities between microbial communitics, pyrosequencing
data were used to construct community Bray-Curtis similarity
matrices, and non-metric multidimensional scaling (MDS)
plots were generated using Primer V6 (Primer-E Ltd., Plym-
outh, UK) (Clarke 1993). Stress values were calculated and
indicated reliable ordinations (Clarke 1993). Histograms
were generated to display genus-level microbial commu-
nity composition and putative functions. To highlight
groups of microorganisms shown to share functional ca-
pabilities, putative nitrate reducers, iron reducers, sulfate
reducers, and methane oxidizers were reported as
groups. Genera included in each group arc provided in
Supplemental Information.
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Fig. 2 Contaminant depth distribution in soil cores, aqueous phase
sulfate, and gases along the C transect. Aqueous concentrations were
measured in water sampled from three MLS ports located below the
water table. Partial pressures were measured in gas sampled from three
MLS ports located above the water table. Gas results are reported in % v/v.
Toluene was not detected. Water samples could not be recovered from the
MLS for C1 at 1547.0 m elevation, for C4 at 1545.1 m, or for C5 at

Results
seochemical characterization of the LNAPL body

Site geology, hydrocarbons, and potential electron acceptors
were examined above, within, and below the LNAPL body.
Sands and silts dominated in the surveyed region (Fig. 52).
Hydrocarbons were detected between 0.2 and 4.9 m bgs
(1549.9-1544.8 m elevation), and the LNAPL body was lo-
cated approximately between 0.9 and 3.7 m bgs (Figs. 1 and 2
and Fig. §3). Hydrocarbons extended well above and below
the water table, which fluctuates at the site approximately

3,380
15457 m. a TPH. b DRO. ¢ GRO. d Benzene. e Ethylbenzene. f
m-Xylene and p-xylene. g o-Xylene. h Sulfate. i Oxygen. j Carbon
dioxide. k Methane. All figure panels are available individually in
Supporting Information along with soil geologic composition, measured
aqueous concentrations of hydrocarbons, nitrate, ORP, and pH
(Figs. 82-520)

between 2.5 and 2.9 m bgs (1547.2 to 1546.8 m elevation).
The average TPH concentration within the LNAPL body was
8100 mg/kg (+6300). The average of the maximum TPH con-
centrations within each core was 17,800 mg/kg (#8200 mg/kg),
and the average depth where these maximum concentrations
were recorded was above the water table at ~1547.8 (+0.49ym
elevation.

The majority of the hydrocarbon mass (>80 %) present was
diesel range organics (DROs; Fig. 2b and Fig. 84). The
highest DRO concentrations (>1000 mg/kg) were found be-
tween 0.9 and 3.7 m bgs (~1548.8 to 15445.8 m clevation),
with the exception of a single high DRO concentration
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(25,332 mg/kg) detected m A2 at 0.8 m bgs. Little (<1000 mg/
kg) or no DRO was found closer to the surface. Gasoline range
organics (GROs) were detected in substantially lower concen-
trations than DRO, but the depth distribution of GRO was
similar to that observed for DRO (Fig. 2¢ and Fig. 85). Ben-
zene, cthylbenzene, and m-xylene and p-xylene also were de-
tected i soil cores between 0.2 and 4.4 m bgs (1549.5 to
1545.3 m elevation) and in aqueous samples (Fig. 2d-g and
Figs. 86-511). By contrast, o-xylene was detected only at low
levels (<34 mg/kg) in a few samples (13 out of 252 in soil
cores) (Fig. 812) and was not detected in any aqueous sam-
ples. Toluene was not detected in any of the soil or water
samples (305 samples assayed). The relatively low levels of
GRO and absence of toluene, combined with recently pub-
lished data showing higher CO; fluxes at grade compared to
nearby uncontaminated locations (McCoy et al. 2014). indi-
cated ongoing microbial degradation.

Redox conditions were evaluated via measurement of ORP,
nitrate, ferrous iron, and sulfate. The saturated region was a
reducing environment (ORP values ranged from —225 to
—325 mV [Ag-AgCl}) with a neutral pH (values ranged be-
tween 6.95 and 7.30) (Figs. 513 and S14). ORP and pH values
were not available for the vadose zone because ORP and pH
were measured only in aqueous samples. Aqueous nitrate con-
centrations were generally low (<1 mg/l for C transect and less
than 2.5 mg/l for the whole surveyed region) (Fig. 516). Total
dissolved iron concentrations also were generally low
(<1 mg/l for C transect and less than 25 mg/l for the whole
surveyed region) (Fig. 517). In contrast, relatively high levels
of aqueous sulfate were detected; along transect C, sulfate
values ranged from 45 to 726 mg/l (Fig. 2h and Fig. 315).
High sulfate content in soils is common in the site climatic
region and is likely due to a history of low-precipitation and
high-evaporation rates. Further, sulfate gradients were ob-
served with the highest sulfate values recorded at greater
depths (below ~4.0 m bgs; 1545.7 m elevation). Additionally,
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black precipitate characteristics of metal sulfides were ob-
served on the soils.

Characterization of gases in the vadose zone

Oxygen, carbon dioxide, and methane were detected in va-
dose zone gas samples. Oxygen concentrations ranged from
0.2 to 13.0 % (v/v), with the highest oxygen concentrations for
each core (0.5 to 13.0 %v/v) occurring at the top of the sam-
pled region (~1.1 m bgs; 1548.6 m elevation) (Fig. 21 and
Fig. 518). Oxygen concentrations were presumably higher
above 1.1 m bgs; however, values were not available above
this depth because sampling ports were positioned strategical-
ly within the LNAPL body. Carbon dioxide and methane gas
concentrations followed expected opposite trends, with higher
concentrations of carbon dioxide and methane observed at
locations where oxygen levels were lower (Fig. 23, k and
Figs. 5§19 and 520). Carbon dioxide levels along transect C
ranged from 4.7 to 15.4 %v/v, and methane levels ranged from
non-detect in the shallowest sample location in C1 to § %v/v
at deeper locations (Fig. 2, k). Thus, evidence of
methanogenesis and hydrocarbon mineralization was ob-
served, and aerobic processes likely only played a major role
above 1.4 m bgs (1548.3 m elevation).

Quantification of bacteria and archaea

qPCR revealed that in general, quantities of bacteria and ar-
chaea were similar in the LNAPL body and in a nearby un-
contaminated control core (Fig. 3). In the uncontaminated
core, the levels of archaea were found to be approximately 5
to 50 times lower than the levels of bacteria (i.c., 2-16 % of
the microbial commmunity) at all depths based on quantities of
16S rRNA genes, as has been reported previously (Bates et al.
2011), In the contaminated core, the relative quantitics of bac-
teria and archaea differed as a function of depth. In the upper

ED_005025_00013748-00006



Appl Microbiol Biotechnol (2016) 100:3347-3360

3353

vadose zone (~0-0.8 m bgs), the average quantity of bacterial
165 rRNA genes was 9.6 % 107, and in this zone, the average
quantity of archaeal 168 tRNA genes was 60-fold lower at
1.6 10° (Fig. 3). This trend held for the upper portion of the
LNAPL body (~0.9-1.9 m bgs). The average quantities of
bacterial and archaeal 165 rRNA genes were generally lower
in the upper portion of the LNAPL body than above it, with
the exception of the top of the LNAPL body (~0.9 m bgs). For
the lower part of the LNAPL body (~2.0-3.6 m bgs), the
average quantity of archaeal 165 rRNA genes was found to
be about 60 times higher than in the upper part, excluding
0.9 m bgs. Further, the quantities of archaeal and bacterial
168 rRNA genes were approximately equal. This relationship
also was observed below the LNAPL body (3.7-4.1 m bgs),
where hydrocarbons were dissolved.

Microbial community characterization

After quality control and chimera removal, a total of 283,618
reads were obtained for the contaminated and clean cores col-
lectively, representing 146,847 unigue sequences. For the bac-
terial pyrosequencing, the average number of high-quality,
chimera-free reads was 10,600 per DNA extract and the range
was 1200-44,000 reads per extract. For the archacal pyrose-
quencing, the average number of high-quality, chimera-fiee
reads was 3600 per DNA extract and the range was 1100-
8300 reads per extract. The average length for the unique
sequences was 492 base pairs with a standard deviation of
53 base pairs. In the contaminated core, bacterial communitics
were dominated by seven phyla (i.e., these phyla each repre-
sented at least 5 %) and archacal communities were dominated
by two phyla (data not shown). Bacterial phyla included
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi,
Firmicutes, Proteobacteria, and Synergistetes, while archacal
phyla included Ewryarchaeota and Thaumarchaeota. In the
clean core, bacterial communities were dominated by five
phyla including Acidobacteria, Actinobacteria, Firmicutes,
Nitrospirae, and Proteobacteria. Archacal communities were
dominated by Thaumarchaeota.

163 rRNA gene amplicon pyrosequencing revealed that
microbial community structures were distinet between the
contaminated and uncontaminated control cores and varied
with depth in the contaminated core (Fig. 4). An MDS plot
for the bacterial commmunities revealed that bacterial commu-
nities in the contaminated core formed three clusters at the
40 % similarity level: (1) communities at the top of the vadose
zone (samples from 0.3 to 0.5 m bgs), (2) communities in the
top of the LNAPL body (samples from 1.4 to 1.7 m bgs), and
(3) comnunities in the bottom of the LNAPL body and just
below the LNAPL body (samples from 2.0 to 4.1m bgs). Bac-
terial communmities observed in the highest part of the LNAPL
body (samples from 0.9 to 1.1 m bgs) did not cluster with any
other bacterial communities at the 40 % similarity level but

were generally closer to other comnmnities in the top of the
LNAPL body than to any other communities. Bacterial com-
munities from the uncontaminated core formed a distinet clus-
ter at the 60 % similarity level, with the exception that the
community observed at 0.3 m bgs in the contaminated core
clustered with the communities from the uncontaminated core.
Further, in the top of the vadose zone, where LNAPL was not
observed and where contaminant concentrations were rela-
tively low (<9.3 mg/kg), microbial communities were similar
at the 40 % level between the contamninated and uncontami-
nated cores.

An MDS plot of archaeal communities (Fig. 4b) revealed
that archaeal communities in the contaminated core formed
the same three main clusters that were observed for bacterial
communities at the 40 % similarity level, with the exception
that the cormmunities observed at 0.9—1.4 m bgs formed a tight
cluster, while the community observed at 1.7 m bgs clustered
with communities in the bottom of and just below the LNAPL
body. Similar to communitics observed for bacteria, archaeal
communities in the uncontaminated core formed a completely
distinct cluster, with the exception that the community ob-
served at 0.3 m bgs clustered with communities observed in
the top of the vadose zone in the contaminated core.

Interestingly, bacterial community diversity was found
generally to increase in the subsurface regions impacted by
high levels of hydrocarbons (i.e., 0.9 m bgs and below) as
compared to the uncontaminated core (Tables 51-55). Shan-
non diversity values ranged from 1.46 to 2.08 in the uncon-
taminated core (average of 1.64+0.19), while values ranged
from 1.78 to 3.93 (average of 2.99+0.7) for the contaminated
core. Similar trends were observed for archaca. However, a
relative loss of bacterial diversity was observed for saimples
between 2.6 and 3.5 m bgs as compared to the rest of the
samples impacted by moderate to high levels of hydrocarbons,
and archacal diversity was lower from 2.0 to 4.1 m bgs as
compared to shallower depths.

Genus-level analysis showed that bacterial commmunities in
the clean core were dominated by Acidobacterium and
Holophaga (Fig. 5a). These same genera were predominant
in the contaminated core above the LNAPL body, along with
Conexibacter and Bacillus (Fig. 5¢). In the top of the LNAPL
body, bacterial community structures were highly variable;
dominant genera included those associated with reduction of
sulfate, iron, and nitrate as well as Hydrogenophilus,
Lysobacier, Thinbacillus, Baciflus, Bacteroides, Koribacter,
Clostridium, Thermoanaerobacterium, Thermoanaerobacter,
and Synergistes. Methane oxidizers were also observed at
1.1 m bgs. By contrast, the bottom of the LNAPL body and
just below the LNAPL body largely were dominated by
Syntrophus. However, putative sulfate and iron reducers,
Acinetobacter and Synergistes, also were observed. Archacal
communitics in the clean core were dominated by
Nitrososphaera and Cenarchaeum. Similarly, Nitrososphaera
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were dominant in clean cores above the LNAPL body. In the
top of the LNAPL body, methanogens were observed includ-
ing Methanobrevibacter, Methanocella, Methanosaeta,
Methanolinea, Methanosphaera, and Methermicoccus
(Evans et al. 2009; Narthiro and Sekiguchi 2011). In the bot-
tom of the LNAPL body and just below the LNAPL body,
Methanosaeta and Methanoculleus dominated.

Discussion

To advance our understanding of the microorganisms that
drive microbially mediated processes in LNAPL bodies, a
depth-resolved characterization of the geochemical parame-
ters and microbial communities present at an LNAPL-
impacted site was conducted. Microbial quantification sug-
gested that during the preceding century of LNAPL influence,
LNAPL-tolerant microbial communities have been
established and microorganisms present readily grow in the
presence of LNAPL (Fig. 3). Further, major shifts in both
bacterial and archacal commmunity structures were found at
the LNAPL-impacted location. Generally, this shift in com-
munity structure coincided with an increase in community
diversity. These findings are consistent with the observations
of dos Santos et al. (2811). who observed an increase in di-
versity 23 days after microbial communities were exposed to
hydrocarbons via pyrosequencing. The increase in bacterial
diversity is likely due to the presence of hydrocarbons with
diverse structures as previously suggested (dos Santos et al.
2011) and potentially diverse redox niches (e.g., acrobic, sul-
fate-reducing, and methanogenic). By contrast, diversity de-
creased in the region within the LNAPL body that was below
the water table. Similarly, Sutton et al. (2013) observed a
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decrease in microbial community diversity at a site that had
been impacted by diesel hydrocarbons for over 40 years.
Thus, observed lower-diversity regions are likely the result
of nearly a centiry of selective ecological pressures and po-
tentially more restrictive redox conditions (dominant methan-
ogenic conditions). However, further investigations are re-
quired to clarify the driving factors leading to opposite trends
in microbial diversity above and below the water table.

Quantities of bacterial and archaeal 165 tRNA genes and
MDS analysis coupled to the depth-resolved geochemical data
suggested that the subsurface could be conceptualized as con-
taining four distinct biogeochemical zones (Figs. 3, 4, and 3).
The top of the vadose zone (zone 1, between 0 and 0.8 m bgs
[~1549.7-1548.9 m elevation]) did not contain LNAPL and
had low hydrocarbon concentrations; the average TPH concen-
tration for 65 samples was 196.2 mg/kg (£364.3 mgkg), ex-
cluding one anomalously high sample collected at 0.8 m bgs in
core A2. Zone 1 was presumably aerobic, given that oxygen
was detected below this zone at ~1.1 m bgs (1548.6 m eleva-
tion) and aerobic organisms dominated. Acidobacterium spp.
(Ward et al. 2009) represented 34.5-63.5 % of bacterial com-
nunities, and collectively, Nitrososphaera spp. and Candidatus
Nitrososphaera spp. (Jung et al. 201%; Zhalnina et al. 2014)
represented over 90 % of the archaea present. Generally, phy-
lotypes observed were similar to those in the uncontaminated
core in this zone (Fig. 5 and Supplemental Tables S1 and 85).
Interestingly, bacteria previously associated with aerobic
hydrocarbon degradation (e.g., Holophaga, Bacillus, and low
levels of Pseudomonas [0.2 %)) were observed (Fig. 5) (Abed
et al. 2002; Ghazali etal. 2004). Thus, hydrocarbon degradation
may be occurring in zone I via acrobic pathways. However,
further studies (e.g., with RNA-based tools targeting functional
genes) would be needed to test this hypothesis.
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Fig. 5 Genus-level microbial community analysis with depth based on
454 pyrosequencing. Relative abundances are provided in Tables $1-S5.
Histograms are shown for bacteria {(a) and archaea (b} in the
uncontaminated core and for bacteria (¢} and archaea (d) in the
LNAPL-impacted core. To highlight groups of microorganisms that
have been shown to share functional capabilities, putative nitrate
reducers, iron reducers, sulfate reducers, and methane oxidizers were
reported as groups. Genera not associated with these functional groups
and that represented less than 3 % of the microbial communities were
combined and reported as “other”

The top of the LNAPL body (zone 11, between 0.9 and
1.9 m bgs [~1548.8-1547.8 m elevation]) contained high con-
taminant concentrations (6503.6 mg/kg [+5632.3.3 mg/kg))
and was entircly above the water table. Collectively, findings
suggest that zone 11 functions as a transition zone between the
aerobic and anaerobic zones. The lack of a tight cluster for
microbial communities in this zone indicates that community
structures change substantially as a function of depth due to
changes in redox conditions. Low levels of oxygen penctrate
this zone. The peak in microbial quantities at 0.9 m bgs
(Fig. 3) is likely explained by the presence of high levels of
hydrocarbons coupled with the presence of oxygen; indeed,
genera associated with acrobic hydrocarbon degradation were
observed, albeit at low levels (e.g., Pseudomonas [0.2 %] and
Acidovorax [0.09 %)) (Aburto and Peimbert 201 1; Huang and
Li2014; Karimi etal. 2015; Polissi et al. 1990; Salamanca and
Engesser 2014; Singleton et al. 2009; Worsey and Williams
1975). Oxygen penetration also supports methane oxidation at
the top of this zone; the highest relative percent of methane
oxidizers (3.7 %) was at ~1.1 m bgs (Fig. 5¢). Additionally,
communities were rich in facultative, fermenting microorgan-
istms such as Lysobacter and Baciflus (39.9 and 13 %, respec-
tively) (Glatz and Goepfert 1976; Roh et al. 1992). However,
the subsurface becomes anacrobic (i.c., below ~1.4 m bgs) as
available oxygen is utilized for the aforementioned processes.
Further, methane production in this zone and upward flux of
methane from deeper zones likely contribute to promoting
anaerobic conditions in zone 1l by limiting the downward flux
of oxygen. Bacteria previously characterized as facultative
fermenters or previously associated with reduction of sulfate,
iron, and nitrate were prominent in zone 1. High levels of
thiosulfate reducers associated with sulfur and iron cycles,
such as Thermoanaerobacterium spp. (31.4 %) and
Thermoanaerobacter spp. (5.2 %) (Ravot et al. 1995). were
found at the center of this zone (1.4 m bgs).
Thermoanaerobacterium spp. may be contributing to hydro-
carbon degradation and producing hydrogen as they have
been observed in oil phase reservoir fluids (Wang et al.
2014y and an oil reservoir flow pipeline (Singh et al. 2014).
The deepest sample (1.7 m bgs) contained the highest percent-
age of putative sulfate-reducing microorganisms within zone
I1 (28.0 %), most of which (90.0 %) were identified as
Desulfovibrio spp. (Hao et al. 1996). Clostridium spp.
(5.3 %), Clostridium (Evysipelotrichaceae) spp. (8.4 %), and
Synergistes spp. (5.7 %) also were identified. Although these
genera have been associated with sulfate reduction, they are
more aptly considered facultative fermenters and are likely
mvolved in organic acid fermentation with the generation of
hydrogen, acetate, and carbon dioxide (Sicher et al. 2012).
This metabolic pathway is possible in syntrophic association
with hydrogenotrophic methanogens that serve as an electron
sink for produced H,, which were observed starting in zone 1
(Fig. 5d). Consistent with zone II being a transition zone,
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Methanobrevibacter spp., which are known to tolerate low
oxygen levels (Jennings et al. 2014). are prevalent at the top
of'this zone (0.9-1.4 m bgs), while Methanosaeta spp., which
are known to be oxygen intolerant, were found to dominate at
the bottom (Fig. 5d). Given that the study reported herein used
DNA-based methods only, determining which metabolic pro-
cesses are taking place is not possible; however, the presence
of both hydrogenotrophic and acetoclastic methanogens also
suggests that syntrophic degradation processes were occurring
in the lower part of zone 11 (Plugge et al. 2611).

Additionally, zone 1 could potentially be characterized by
regions with elevated temperatures. Methane oxidation is
known to be a highly exothermic process (Haynes and
Gonzalez 2014). and heat produced may result in increased
temperatures in the surrounding soils. The observed high
levels of Thermoanaerobacterium spp. (31.4 %) and
Thermoanaerobacter spp. (5.2 %) below the methane oxida-
tion hot spot provide a line of evidence that methane oxidation
may result in substantive temperature increases as these gen-
era are known to be thermophilic (Fardeau et al. 200{; Roy
et al. 2014). Increased subsurface temperatures due to meth-
ane oxidation remain a hypothesis requiring further experi-
mentation; however, such a finding would have bearing on
kinetics of hydrocarbon degradation and methanogenesis.
Heat produced from methane oxidation has been shown to
increase methane production, and temperature increases have
been shown to increase hydrocarbon degradation rates
(Zeman et al. 2014). Temperature also has been shown to be
a key factor in determining microbial community structure,
which may influence degradation rates (Zeman et al. 2014).

Interestingly, MDS analysis (Fig. 4) suggested that the bot-
tom of the LNAPL body (2.0 - 3.6 m bgs [~1547.7-1546.1 m
elevation]) is a distinct zone (1), despite containing similar
levels of hydrocarbons to zone H (9556.5 mg/kg [+7286.11),
because bacterial communities observed formed a tight cluster
and were distinct from communities in other zones (Fig. 5).
The water table was found to be between 2.5 and 2.9 m bgs
[1547.2-1546.8 m clevation] for the contaminated core, and
taking into account water table fluctuations and the capillary
fringe, zone Ill is largely either saturated or characterized by
high moisture content (e.g., in the capillary fringe). High
moisture content generally results in reduced oxygen levels
(Hers et al. 2014). These factors may explam why observed
microbial communities in zone [l were distinct from those
observed m zone 1L

In zone I, bacterial communities were found to be domi-
nated by species identified as Syntrophus spp., which have
been linked to anaerobic hydrocarbon degradation
(McInerney et al. 2007; Mountfort ¢t al. 1984; Siddique
et al. 2011). This zone also contained other phylotypes that
may be implicated in hydrocarbon degradation.
Pelotomaculum spp., which were found both above and below
the water table in the contaminated core but not in the
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uncontaminated core, have been associated specifically with
anaerobic benzene degradation (Kleinsteuber et al. 2608,
2012; Vogt et al. 2011). Desulfosarcina, Desulfotomaculum,
and Desulfoporosinus also were found, and these genera may
be mvolved in fermentation as sulfate gradients suggested that
sulfate concentrations are low in zone III. Moreover,
Pelotomaculum, Desulfotomaculum, and Desulfoporosinus
are all members of the Peptococcaceae family, which has
been linked with the initial steps in anaerobic benzene degra-
dation (Abu Laban et al. 2010; Luo ¢t al. 2014). Further,
archaeal quantitics showed that archaea-driven processes
(i.e., methanogenesis) play a more significant ecological role
in the lower portion of the LNAPL body than in the upper
portion, despite anacrobic conditions throughout the LNAPL
body (Fig. 3). Collectively, Methanosaeta spp. (acetoclastic)
and Methanoculleus spp. (hydrogenotrophs) account for over
90 % of the archaca detected within zone 11, These two me-
thanogenic genera have been reported to predominate in en-
vironments where syntrophic hydrocarbon degradation occurs
(Kleitkemper et al. 2003; Liu et al. 2009). Thus, relatively high
levels of archaea, specifically Methanoculleus (e.g., 46.1 % at
3.5 m bgs; Fig. 5d), coupled with detection of methane and
low ORP, provide lines of evidence that suggest that
methanogenesis is a dominant process in zone 1.

The surveyed region below the LNAPL body (between 3.7
and 4.9 m bgs [~1546.0-1544.8 m elevation]) was conceptu-
alized as a distinct zone, zone 1V, despite similar microbial
communities to zone HI because this zone contained low
levels of hydrocarbons (2117.8 mg/kg [+2825.9]); in core
C3, where the microbial community analysis was conducted,
TPH ranged from only 24 to 90 mg/kg. This zone also
contamed relatively high levels of sulfate (up to 852 mg/l).
The observed sulfate gradient (Fig. 2h and Fig. §13), along
with black soil precipitate characteristic of metal sulfides and
the presence of sulfate-reducing bacteria (Fig. 3¢), suggests
that sulfate reduction is an important process in zone [V. The
archacal commumnities in zone IV were composed mainly of
Methanosaeta spp., and Methanoculleus spp. (7.2 %) were
only found at 4.1 m bgs. In areas where sulfate reduction is
a dominant process, hydrogenotrophic organisms like
Methanoculleus spp. may be outcompeted by sulfate-
reducing organisms which act as hydrogen scavengers. How-
ever, although no gas samples could be recovered within zone
IV (because it is below the water table), methanogenesis may
well be occurring simultancously with sulfate reduction in this
zone via acetoclastic pathways. Co-occurrence of
methanogenesis and sulfate reduction is not unexpected as
heterogeneity in the subsurface is high, and the presence of
multiple microbial guilds in close proximity has been reported
previously (Tischer et al. 2013; Winderl et al. 2008).

The presence of distinet microbial phylotypes in the con-
taminated core as compared to the clean core, coupled with
recently published data indicating that hydrocarbon
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degradation is actively occurring at the site studied herein
(MecCoy et al. 2614). provides evidence linking observed mi-
crobial phylotypes with hydrocarbon degradation processes
within the LNAPL body. Syntrophus-related species were
not detected in the clean core, while they represented between
10 and 70 % of the bacterial communities in zones 1 and IV
(Fig. 5). Interestingly, greater than 80 % of the 165 rRNA
gene sequences identified as Synfrophus spp. were found to
be most similar (=97 %) to a strain (clone B3) derived from a
methanogenic culture enriched on hexadecane by Zengler et
al. (1999). Additionally, the highest level of benzene detected
in the contaminated core soil (2.6 m bgs; Fig. 2d) coincided
with the second highest detected percent of Syntrophus spp.
(63.6 %; Fig. Sc¢). In culture-based studies, members of this
genus have been shown to syntrophically degrade benzoate
(Jackson et al. 1999; Mountfort et al. 1984). which is likely
produced via the first step in anaerobic benzene degradation
(Luo et al. 2014; Vogt et al. 2011). and to syntrophically de-
grade other organic acids to acetate and hydrogen. Syntrophus
spp. also have been associated with anacrobic degradation of
petroleum liquids, such as cyclohexane (Elshahed et al. 2001;
Meclnemey et al. 2007; Siddique et al. 2011) and hexadecane
(Zengler et al. 1999). Additionally, a strain related to
Syntrophus spp. Hasda-A was reported to be the most promi-
nent bacterium that assimilated stable isotope-labeled benzene
in a benzene-degrading, methanogenic culture derived from
lotus ficld soil (Sakai et al. 2009). Thus, past culture-based
studies and observed high levels of Synfrophus spp. in the
subsurface suggest that Synfrophus spp. may play a key role
in hydrocarbon degradation in situ, and could be degrading
hydrocarbons to acetate, which is subsequently used by
Methanosaeta spp. to produce methane.

Syntrophus-related species also have been identified in
clone libraries derived from a coal-tar-waste-contaminated
aquifer (Bakermans and Madsen 2002) and a methanogenic
zone in hydrocarbon-impacted aquifer (Dojka et al. 1998).
although the relative quantity of Syrsrophus spp. was not in-
vestigated in these studies. In a recent in situ study, Tischer
et al. (2013) did not observe Syntrophus spp. in the capillary
fringe and subjacent sediments in a hydrocarbon-
contaminated aquifer, but they did observe other highly relat-
ed members of the Syntrophaceae family (Smithella-related
species). By contrast, Synfrophus spp. were not reported
among the key microbial phylotypes present at a long-term
diesel-contaminated site (Sutton et al. 2013). which could in-
dicate that Syntrophus spp. are associated with degradation of
GRO constituents rather than DRO. Alternatively, this finding
could suggest that other, as yet unidentified, environmental
factors play a role in selecting for high levels of Syntrophus
spp. in the subsurface. Additionally, Syntrophus spp. are dis-
tinct from phylotypes that have been observed to dominate in
hydrocarbon plumes where Alphaproteobacteria and
Betaproteobacteria were found to dominate (Fahrenfeld

et al. 2014; Winderl et al. 2008). suggesting that they may
be especially well adapted to grow in LNAPL bodies. Thus,
Syntrophus spp. likely represent useful targets for develop-
ment of culture-independent molecular tools for monitoring
bioremediation of LNAPL in situ (Sutton et al. 2013). Further,
metagenomic sequencing targeting Syntrophus spp. (e.g., via
single-cell sequencing (Mason et al. 2014). could potentially
reveal functional gene targets ideal for monitoring
bioremediation.

In swmmary, in this study, depth-resolved characteriza-
tion of biogeochemical parameters for a shallow,
hydrocarbon-impacted aquifer revealed the presence of
four distinct zones: (1) an aerobic, low-contaminant mass
zone at the top of the vadose zone; (il) a moderate to
high-contaminant mass, low-oxygen to anaerobic transi-
tion zone in the middle of the vadose zone; (iii) an anaer-
obic, high-contaminant mass zone spanning the bottom of
the vadose zone and saturated zone; and (iv) an anacrobic,
low-contaminant mass zone below the LNAPL body. Data
indicated that in the lower part of zone Il and in zone 1,
hydrocarbon degradation was mediated largely by
syntrophic fermenters and methanogens. Although zone
It was completely above the water table, anaerobic con-
ditions were observed in the lower portion of this zone
likely, in part, because produced methane limited down-
ward diffusion of oxygen. Zone IV was influenced by
high levels of sulfate, and sulfate reduction, in addition
to methanogenesis, was likely a key driver of hydrocarbon
depletion at the bottom of and below the LNAPL body.
Pyrosequencing data revealed potential targets for devel-
opment of molecular tools for monitoring bioremediation
in situ, and findings reported herein represent the first
data showing the dominance of Syntrophus-related species
n an LNAPL body where active degradation is occuiring.
Future work should focus on resolving the activities of
observed phylotypes in the presence of LNAPL.
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